objective To assess the epidemiological evidence on the joint effects of climate variability and socioecological factors on dengue transmission. results Twenty studies have met the inclusion criteria and assessed the impact of both climatic and socioecological factors on dengue dynamics. Among those, four studies have further investigated the relative importance of climate variability and socioecological factors on dengue transmission. A few studies also developed predictive models including both climatic and socioecological factors.
Introduction
Dengue is a mosquito-borne disease, caused by four distinct serotypes of dengue virus [1] . Dengue virus is transmitted between humans through the bite of mosquitoes, primarily Aedes aegypti and causes a spectrum of diseases including dengue fever, haemorrhagic fever and dengue shock syndrome [2] . Globally, dengue incidence has increased 30-fold in the past 50 years [1] . Recent dengue estimates are 390 million/year cases in more than 125 countries [3] and 1300/millions of disability-adjusted life years [4] .
Dengue transmission involves virus, vector and human host, all sensitive to changes in weather and climate [5] . Climatic variables such as temperature trigger the larval development of mosquitoes and virus replication [6] , whereas rainfall provides suitable environments for mosquito breeding sites. Human life styles and behaviour influence the distribution by providing suitable habitats for mosquitoes and increasing the chances of mosquito bites [7] [8] [9] [10] . For instance, urban water storage practices due to drought can raise the number of productive mosquito larval sites.
While humans adapt to climate change, a considerable number of environmental changes have taken place [5] that may influence the risk of mosquito-borne diseases. For instance, land use changes are likely to affect the geographical distribution and incidence of mosquitoborne diseases by providing microhabitats for mosquitoes [5, 11] . Given this, researchers are arguing that climatic factors alone cannot determine the distribution of A. aegypti which in turn influences dengue transmission. The literature suggests that the major drivers for dengue transmission include the following: (i) unprecedented population growth [12] [13] [14] , (ii) urbanisation [8, [12] [13] [14] [15] , (iii) movement of both vectors and viruses via modern transport [8, [12] [13] [14] [15] , (iv) a lack of effective mosquito management in terms of government policy and public health [12, 13] and (v) water storage practices [16] . Human behaviour and domestic environment remain far more influential than climate in relation to the distribution of A. aegypti and the epidemiology of dengue under any projected climate scenario [17, 18] . Therefore, dengue forecasting under projected climate change requires consideration of both climatic and socioecological factors.
Previous studies have focused on climate variables [19, 20] , socioecological factors [21, 22] , methodological issues involved in risk modelling [23] , risk mapping [24] , climatic and socioenvironmental factors in the Asia-Pacific regions [25] , vector control and surveillance systems [26] . Furthermore, there is an ongoing debate on the relative importance of climate variability and socioecological factors on dengue transmission [5, 15, 17, 18] . For example, some argue that climate is the major driver [27] [28] [29] , whereas others suggest that socioecological factors play a key role on dengue transmission [30] [31] [32] . Hence, there is no conclusive evidence on the joint effects of climate variability and socioecological factors. Here, joint effects have been defined as overall effects of climatic and socioecological factors considered together. We urgently need to establish epidemiological evidence on the joint effects of climatic variability and socioecological factors on dengue distribution and to improve the ability of predictive models to develop a dengue early warning system. Development of an effective early warning system will lower the economic impact of the dengue by improving existing dengue surveillance and preventive measures.
In this study, we aimed to review the relevant literature to provide epidemiological evidence on the joint effects of climate variability and socioecological factors on dengue transmission in a global context and to make recommendations for future research.
Methods

Search strategy
Following PRISMA guidelines (Table S1 ) [33] , a detailed literature search was conducted in October 2015 using PubMed, Web of Science and Scopus. The search included studies published from January 1993 to October 2015 since dengue surveillance in many countries is established during this period. The following search terms were used: Dengue AND (climate variability OR climate change OR weather) AND (socioecological drivers OR socioenvironmental factors OR socioeconomic factors OR land use change OR land cover change OR urban* OR population density OR water storage practices OR drought). The search was conducted using MeSH terms in PubMed and Web of Science, whereas in Scopus, Titles/abstract/keywords were used. Additionally, in Scopus, Boolean operator was used with dengue and climate.
Selection criteria
The articles were selected based on the following inclusion criteria: (1) peer-reviewed, (2) available as full-text article, (3) published in English, (4) studies ONLY considering climatic and socioecological factors, (5) have an observational study design and (6) mainly focused on dengue case/ infection or incidence. The rationale for inclusion criteria was this: climate and socioecological factors are associated with dengue transmission dynamics; and it is important to examine how these factors together determine the variation of dengue transmission. Articles not meeting the above inclusion criteria were excluded from the study. Table 1 shows the PICOS followed in this review.
Quality assessment and potential bias
Quality of the individual study was assessed based on the combined criteria suggested by Effective Public Health Practice Project (EPHPP) 1 and Wells et al. [34] . The quality of each study was determined across seven metrics: selection, study design, data collection, observational time period, analysis based on study design, interpretation of factors and full description of dengue diagnosis (Additional file 2: Table S2 ). Potential bias within the studies was also determined. 
Results
A total of 403 articles were retrieved through the initial search using three databases (n = 400), reference checks and Google Scholar (n = 3). Of these, 81 were duplicates and hence removed. The remaining articles (n = 322) underwent a two-step screening prior to inclusion. In step 1, articles matched with the search terms by reading the title only (n = 128), and in step 2, by reading the abstract (n = 46) were included. Of 46, 26 full-text articles were excluded due to irrelevant study design (n = 10), because they considered only social factors (n = 14) and were not focused on case/infection/incidence (n = 2). Finally, 20 articles were included in this study and critically reviewed ( Figure 1 ). Of these 20 studies seven originated in Asia, seven in Latin America, three in North America, one in Oceania and two in other parts of the world (Table 2 ). It was noticeable that studies on dengue considering both climate and socioecological factors were initiated in 2009, with the highest number of studies (n = 6) in 2012 (Figure 2) .
Regarding spatiotemporal scale, most of the studies used monthly (45%) dengue data and performed at district or city level (30%), followed by state level (25%) (Figure 3) . Table 3 shows the study characteristics (n = 20) concerning the joint effects of climatic and socioecological factors on dengue transmission.
Various methods ranging from descriptive to advanced statistical and spatial methods were used in these studies, most commonly generalised linear models [35] [36] [37] and different forms of regression models [38] [39] [40] . Others used a generalised linear mixed model [41] , a simple additive model [42] or generalised additive models [43] , a species distribution model [44] , data mining technique [45, 46] and a water-associated disease index approach [47] . Few other studies have performed descriptive analysis [48] [49] [50] . Dengue often varies over space and time. Therefore, several studies took a spatial approach to show spatial distribution through kernel estimation [37] , cluster [39] or hotspot detection [43] ; a few studies developed spatial models [38, 43, 51] .
Climate and socioecological factors on dengue transmission
Major drivers of dengue transmission were climatic and socioecological factors. In this review, the term 'socioecological factors' comprised social, demographic, geographic, economic and ecological factors (e.g. land use types). However, different studies included different combinations of factors for dengue transmission. Details of the climatic and socioecological factors included in the studies are provided in Table 4 .
Among climatic factors, temperature [38, 51] , especially mean [35, 40] and minimum temperature [39, 40, 43, 44, 50] , and rainfall [36, 39] were found to influence dengue transmission. Some studies found humidity [36, 49] or precipitation [35, 44, 49 ] to be significant predictors of dengue. In addition to the independent effect of temperature, the interaction of mean and temperature fluctuation is associated with increased disease transmission [35] . El Nino-Southern Oscillation (ENSO) [42] and sea surface temperature [35] were significantly associated with dengue transmission. Khalid et al. [50] in their study in Pakistan reported an inverse relationship of dengue with wind speed.
The influence of urbanisation on dengue transmission was investigated in Pakistan [50] , Taiwan [38] , Mexico [43, 52] , Costa Rica [48] and Brazil [37] . In these studies, urbanisation was defined by the proportion of people living in urban areas [43] , urban heat island [36] or by some socioecological factors [38] . Troyo et al. [48] employed land use to explore the relationships between definite urban structure and dengue occurrence in Costa Rica and found that dengue incidence was inversely correlated to built-up areas and directly correlated with tree cover. Population density and population growth have been studied in Singapore [40] , Argentina [41] , Brazil [37] , Mexico [43] , Pakistan [50] , China [36] , Barbados, Brazil and Thailand (multicountry) [53] , Bangladesh [35] and Ecuador [54] . Most of these studies found a significant association between dengue and high population density. However, a single study in Argentina reported that rural areas with a low population density may experience severe epidemics in the absence of a tap water supply [37] . Several studies (n = 6) have been carried out to examine the relationship between drinking water access and dengue [41, [44] [45] [46] [47] 52] . Two of these studies included drinking water access in developing a predictive model of dengue [45] [46] [47] and one study used the distance to water bodies to determine the spatial occurrence of dengue [41] . In Mexico, Col on-Gonz alez et al. [52] measured access to piped water and found a significant relationship with dengue transmission, concluding that increased dengue incidence might be due to the intermittent supply of water which necessitates water storage.
Land use types such as residential area per capita have been found to be significantly associated with the abundance of dengue cases in Guangzhou [36] . Similarly, dengue incidence was high in residential areas, followed by commercial and industrial areas in Malaysia [49] . Troyo et al. [48] in their study in Costa Rica also found that dengue incidence had direct relationship with tree cover.
Some studies have also used socioeconomic index [51] and gross domestic product [36, 43, 52, 55] to understand their influence on dengue transmission. Hu et al. [51] used the Socio-Economic Index for Areas (SEIFA) and found that for each unit increase of SEIFA, overseasacquired cases increased by 1% in Australia. Bouzid et al. [43] used GDP to project the future distribution of dengue in Europe under climate change scenarios for early, mid and late century. They found that dengue risk areas were clustered in Southern Europe, especially along the coastal and valley regions of Italy, Southern Spain and Spanish Mediterranean coast. Another study in Mexico studied GDP in projecting the future estimation of dengue risk. However, they did not find any significant relationship of GDP with dengue transmission [52] . Astr€ om et al. [55] also used GDP to estimate the population at risk in 2050 under projected climate change scenarios, reporting that the population at risk will rise by 0.28 billion if GDP remains constant, but would fall by 0.12 billion if both climate and GDP change occur as projected in 2050.
A study of the relationship between dengue incidence and housing types in Malaysia [49] revealed that people living in mixed and interconnected housing (e.g. terraced houses, apartments) were more vulnerable than those living in stand-alone housing. In Costa Rica, dengue incidence increased in localities with less built-up area during 2003 [48] .
Of 20 studies, four studies further investigated the relative impacts of climate and socioecological variables on dengue transmission. A study in Costa Rica investigated the impact of sea surface temperature anomalies and two vegetation indexes on dengue transmission [42] . They found that ENSO and vegetation together explained 83% of the variation of dengue cases and that outbreaks can be predicted 40 weeks in advance. However, a vegetation index alone was unable to produce a modelled increase in predicted cases [42] . A study in Argentina investigated the relative importance of climate variability and sociodemographic factors [41] . The results suggest that a combination of both factors could better explain the dengue transmission than either could independently and that climatic variables together produce worse results than demographic or geographic factors. In Mexico, the relative contribution of climate and socioecological factors [44] was investigated by including 11 climatic variables on temperature and precipitation but only four socioecological variables in models, resulting in climatic variables having more influence on dengue transmission than socioecological factors. Relative contributions of climatic and socioecological factors was also analysed in Singapore [40] , where the relative risk of dengue due to population growth was six times higher than relative risk associated with climate alone.
Future projections of dengue under climate and socioecological change scenarios
Three of the 20 studies projected the future distribution of dengue under climate change scenarios after adjusting for socioecological factors. Two studies were from Mexico and one focused on a global context. Col on-Gonz alez et al. [52] projected the future population at risk under climate change scenarios adjusting for access to piped water, urban population and GDP for 2030, 2050 and 2080. Bouzid et al. [43] adjusted urban population, population density and GDP in projecting the future distribution of dengue in Europe based on Mexican data for early, mid and late century. However, the study was criticised on the grounds that it used Mexican dengue and climate data as baseline to project the future risk of dengue across Europe, whereas seasonal climatic variation in Mexico may not match that in Europe. Therefore, results need to be interpreted cautiously, as primary vectors of dengue in Mexico are not present in European countries except Madeira. Astr€ om et al. [55] 
Quality of the information and potential bias
The quality of the evidence (Table 3 ) varies greatly.
Regardless of their quality scores, all studies are subject to information bias due to possible underreporting of cases. Further, detection biases including performance and measurement biases may be present in the studies with low quality scores. The magnitude of this kind of bias varies owing to different levels of technological advances across countries and their application in disease diagnosis. Selection bias due to the lack of generalisability to the target population was also present in one study [43] . Several studies used short observation periods, which may affect the reflection of joint effects of climate variability and socioecological factors on dengue transmission due to involvement of unknown or unmeasured confounders [36, 37] . Reliability of the data source was not clear from the information given in some studies [47, 50] .
Discussion
This review demonstrates that in the past decade, dengue research has been increasingly focusing on joint effects of climate and socioecological factors. However, this kind of research is in its infancy due to lack of data and methodological constraints in dealing with poor quality data. Moreover, such studies are lacking in the AsiaPacific Region, where dengue is endemic. Aedes aegypti thrives in urban areas [22, 54] . Urbanisation brings people closer together and makes it easier for a mosquito to infect several people in a short time [56] . Another consequence of urbanisation is changes in land use and land cover [57] which potentially influence the distribution of mosquito habitats which in turn can affect mosquito-borne diseases [58] . Increased residential and urban development expands the artificial habitats (e.g. borrow pits) for mosquitoes [59, 60] . A few studies have studied the influence of land use and land cover change on dengue transmission [36, 37, 45, 46, 49] , but more are needed.
Reduced rainfall due to climate change or increased population growth in urbanised areas affects demand and supply of water, resulting in scarcity and thus storage of water in water tanks in households. These water vessels provide the breeding sites for mosquitoes [61] . Although several studies analysed access to water [41, [44] [45] [46] [47] 52] , no single study has focused on dengue incidence accounting for both water storage practices and climate variables. Water storage practices could explain the increased dengue risk in those studies. Population density, dwelling structure, housing types and urbanisation, which have been identified as significant predictors of dengue, remain to be studied in many countries of the Asia-Pacific region (e.g. Australia, Indonesia, Thailand, Vietnam).
Infectious diseases such as dengue often show variation in space and time. Therefore, spatiotemporal models could better explain the variation over space and time. However, only few studies have developed spatial models [38, 43, 51] . Among these, most of the studies faced challenges in dealing of spatial dependency observed in the data. A single study used a sophisticated Bayesian spatial conditional autoregressive model to deal with spatial dependency and uncertainty of the data [51] . However, this study did not consider temporal effects on dengue transmission. Moreover, existing spatial models ignored the influence of other important socioecological factors such as urbanisation, dwelling structure, indigenous status, population density, land use change and water storage practices on dengue transmission. Finally, no single study has developed a spatiotemporal model considering the joint effects of both climatic and socioecological factors that would improve the probability distribution of the model.
It is well established that the globe is significantly warmer than it was a century ago and changing climate will favour the geographic distribution of dengue globally and locally. However, the role of climate on dengue transmission is overemphasised compared to socioecological factors, as researchers are suggesting that socioecological factors might exert a greater influence than climate on dengue transmission [17, 18] . A few studies attempted to determine the relative importance of climate vs. socioecological variables. Their findings are inconsistent due to the variation in socioecological and climatic variables analysed and their role in different geographical contexts, which makes it difficult to draw any conclusions. Several studies developed forecasting models accounting for both climate and socioecological factors in projecting the future distribution of dengue under climate change scenarios globally and in Europe. However, at local and regional level -especially in the Asia-Pacific Regionthere is still no successful dengue prediction model after adjusting for socioecological change.
Future research
Independent and interactive effects of climate and socioecological factors should be incorporated in the modelling for a better understanding of the complex nature of dengue transmission. In terms of analytical approaches, both time series and spatiotemporal analytical methods are needed to elucidate temporal and spatial trends of dengue transmission. Given the influence of socioecological factors on dengue transmission, future research in projecting the impact of inevitable climate change on dengue risk should adjust for socioecological factors to maximise the predictive capability of the model, which will help in developing early warning systems.
Strengths and limitations
This study provides an overview of recent advances of epidemiological evidence on key drivers and their joint and relative effects on global dengue transmission. It emphasises the importance of further studies on joint effects of climate variability and socioecological factors in constructing a dengue forecast model. Comprehensive data extraction from three data bases adds strength to the findings of the review.
However, there are several limitations. The literature search was performed using only the English language; therefore, there is a high chance of missing literature published in other languages. Further, in the search term, the use of 'drivers' rather than 'factors' in conjunction with 'socioecological' may have reduced the number of eligible papers. We focused on observational studies that included both climate and socioecological factors to link with dengue cases. As a consequence, studies dealing exclusively with climatic parameters or socioecological factors or intervention studies were not included. The quality assessment of the individual studies may be subject to performance bias as it was performed by a single research group.
Conclusions
The scientific evidence indicates that despite recent improvements in dengue modelling considering both climate and socioecological factors, the relative and joint effects of climate and socioecological factors on dengue transmission are still not clear. Furthermore, due to the complex nature of dengue transmission and the involvement of virus vector, environment and host, the literature on joint impacts of climate and socioecological factors is insufficient in terms of number of studies, methods used, potential biases and generalisability. Therefore, further research should focus on joint effects of climatic and socioecological factors using more sophisticated approaches, particularly in endemic areas such as AsiaPacific Region. It is essential to develop effective early warning systems and properly project the future risk of dengue in that region.
